Background: Maintenance of HSCs is challenged by DNA damage and oxidative stress. Results: Fancd2 deficiency promoted cytoplasmic localization of Foxo3a in HSCs. Re-expression of Fancd2 restored nuclear Foxo3a localization and prevented HSC exhaustion. Conclusion: Fancd2 is required for nuclear retention of Foxo3a and maintaining hematopoietic repopulation of HSCs. Significance: Our results implicate an interaction between FA DNA repair and FOXO3a pathways in HSC maintenance.
Functional maintenance of hematopoietic stem cells (HSCs) is constantly challenged by stresses like DNA damage and oxidative stress. Here we show that the Fanconi anemia protein Fancd2 and stress transcriptional factor Foxo3a cooperate to prevent HSC exhaustion in mice. Deletion of both Fancd2 and Foxo3a led to an initial expansion followed by a progressive decline of bone marrow stem and progenitor cells. Limiting dilution transplantation and competitive repopulating experiments demonstrated a dramatic reduction of competitive repopulating units and progressive decline in hematopoietic repopulating ability of double-knockout (dKO) HSCs. Analysis of the transcriptome of dKO HSCs revealed perturbation of multiple pathways implicated in HSC exhaustion. Fancd2 deficiency strongly promoted cytoplasmic localization of Foxo3a in HSCs, and re-expression of Fancd2 completely restored nuclear Foxo3a localization. By co-expressing a constitutively active CA-FOXO3a and WT or a nonubiquitinated Fancd2 in dKO bone marrow stem/progenitor cells, we demonstrated that Fancd2 was required for nuclear retention of CA-FOXO3a and for maintaining hematopoietic repopulation of the HSCs. Collectively, these results implicate a functional interaction between the Fanconi anemia DNA repair and FOXO3a pathways in HSC maintenance.
Hematopoietic stem cells (HSCs) 2 are maintained in an undifferentiated quiescent state in a bone marrow (BM) niche (1) . It appears that the HSC pool is maintained throughout the lifetime, and this lifelong persistence of HSCs is likely due to their balance between quiescence and cycling, as well as to their localization in specialized niches in BM (2, 3) . Increased proliferation or differentiation ultimately may lead to premature exhaustion of the stem cell pool, which is defined by a decrease in the number of HSCs caused by their enhanced cell cycling (4) . Whereas numerous molecular factors that contribute to quiescence exist in the HSCs and the BM niche, HSCs are inevitably exposed to stress such as accumulation of reactive oxygen species and DNA damage, which can drive HSCs into uncontrolled cell cycle entry and excessive proliferation. DNA damage or oxidative stress can actually result in HSC exhaustion (5, 6) . Studies in ATM (ataxia telangiectasia mutated) deficient mice showed progressive BM failure resulting from a defect in HSC function that was associated with elevated reactive oxygen species that induce oxidative stress (7) . Prolonged treatment of HSCs with an antioxidant can extend the life span of HSCs and protects against loss of self-renewal capacity (7) .
Fanconi anemia (FA) is an inherited disorder characterized by progressive bone marrow failure, developmental defects, and predisposition to cancer (8, 9) . Most FA patients demonstrate BM failure during childhood and are at risk of developing acute myelogenous leukemia (10, 11) . FA is caused by a deficiency in any of the 16 FA genes (FANCA-Q) (12, 13) , which cooperate in a DNA repair pathway for resolving DNA interstrand cross-link encountered during replication or generated by DNA-damaging agents (14, 15) . Several FA proteins form a large nuclear complex that modifies the key downstream FA gene product FANCD2, by conjugation of a single ubiquitin molecule (monoubiquitination). This critical modification could be stimulated by DNA damage or genotoxic stress, resulting in the localization of the FANCD2 protein to sites of nuclear DNA lesions (16) . Patients with FANCD2 mutations have earlier onset and more rapid progression of hematologic manifestations (17) . It has been reported that Fancd2-deficient mice had multiple hematopoietic defects, including HSC and progenitor loss in early development, abnormal cell cycle status, and loss of quiescence in hematopoietic stem and progenitor cells, and compromised functional capacity of HSCs (5) .
Mammalian FOXO (forkhead members of the class O) transcription factors, including FOXO1, FOXO3a, FOXO4, and FOXO6, are implicated in the regulation of diverse physiologic processes, including cell cycle arrest, apoptosis, DNA repair, stress resistance, and metabolism (18) . Loss of FOXOs results in elevated reactive oxygen species, which in turn negatively regulates cellular responses (19) . FOXO proteins are normally present in an active state in the nucleus of a cell. Activated AKT phosphorylates FOXO3a proteins at three consensus AKT phosphorylation sites (Thr-32, Ser-253, and Ser-315), triggering the inactivation of FOXO3a and its export from the nucleus into the cytoplasm (20) . Mouse knockout studies have shown that Foxo factors, particularly Foxo3a, function to regulate the self-renewal of HSCs and contribute to the maintenance of the HSC pool during aging by providing resistance to oxidative stress (21) .
We recently reported a functional interaction between FOXO3a and the FA protein FANCD2 in response to oxidative stress (22) . However, the functional consequence of this interaction is not known. In this study, we have exploited the genetic relationship between the two proteins by generating Fancd2 Ϫ/Ϫ Foxo3a Ϫ/Ϫ double-knockout (dKO) mice and demonstrating that Fancd2 cooperates with nuclear Foxo3a to prevent HSC exhaustion.
EXPERIMENTAL PROCEDURES
Animals-All protocols of animal experiments described in this study were approved by the Institutional Animal Care and Use Committee at Cincinnati Children's Hospital Medical Center. Fancd2 ϩ/Ϫ mice were provided by Dr. Markus Grompe (Oregon Health & Sciences University) (23) . Double heterozygotes Fancd2 ϩ/Ϫ Foxo3a ϩ/Ϫ mice were first generated from interbreeding Fancd2 ϩ/Ϫ heterozygotes with the Foxo3a ϩ/Ϫ mice (18) , and WT and dKO mice were generated from interbreeding of the double heterozygotes. All the animals including BoyJ (C57BL/6: B6, CD45.1ϩ) mice were maintained in the animal barrier facility at Cincinnati Children's Hospital Medical Center.
Flow Analysis and Cell Sorting-Femurs and tibias were flushed to dissociate the BM fraction. Cells were resuspended in 5 ml of PBS, 0.5% BSA and filtered through a 70-m filter (BD Biosciences). The mononuclear cells were isolated by Ficoll (GE Healthcare) gradient centrifugation. The following antibodies were used for flow cytometry analyses: APC-cy7-anti-c-Kit, PE-cy7-anti-Sca-1, Pacific Blue anti-CD150, FITC-anti-CD48, FITC-anti-CD34, PE-anti-CD45.1, APC-anti-CD45.2, APCanti-Ki67, and APC-anti-BrdUrd antibodies. The lineage antibody mixture included the following biotin-conjugated antimouse antibodies: Mac1, Gr-1, Ter119, CD3e, and B220 (BD Biosciences). Secondary reagent used included streptavidin-PerCP-Cy5.5 (BD Biosciences). Initially, for LSK (Lineage Ϫ Sca-1 ϩ c-Kit ϩ ) staining, cells were stained by using biotin-conjugated anti-lineage antibody mixture followed by staining with a secondary Percp-cy5.5-anti-streptavidin antibody (BD Biosciences), PE-cy7-anti-Sca-1 antibody (BD Biosciences), and APC-cy7-anti-c-Kit antibody (BD Biosciences). For the HSC (SLAM; Lin Ϫ c-Kit ϩ Sca-1 ϩ CD150 ϩ CD48 Ϫ ) subpopulation, cells were stained with antibodies for LSK cells in addition to Pacific Blue CD150 (Biolegend) and FITC-CD48 (Biolegend). Flow cytometry was performed on a FACS-LSR II (BD Biosciences), and analysis was done with FACSDiva version 6.1.2 software (BD Biosciences). For cell sorting, lineage negative cells were enriched using lineage depletion columns (StemCell Technologies) according to the manufacturer's instructions. The LSK population or HSCs (Lin Ϫ c-Kit ϩ Sca-1 ϩ CD34 Ϫ ) were acquired by using the FACSAria II sorter (BD Biosciences).
Limiting Dilution Cobblestone Area-forming Cell (CAFC) Assay-Limiting dilution CAFC assay using five dilutions (0, 10, 30, 90, 270, and 810) of LSK cells was performed as described previously (24) . Briefly, cells were plated on confluent OP9 stromal cells in 96-well plates with 10 wells/cell concentration, and numbers of CAFC were counted after 4 weeks.
BM Transplantation-For the limiting dilution assay, graded numbers of donor BM cells (CD45.2ϩ) harvested from WT, Fancd2 Ϫ/Ϫ , Foxo3a Ϫ/Ϫ , and dKO mice were mixed with 2 ϫ 10 5 protector BM cells (CD45.1ϩ) and transplanted into lethal irradiated (split dose of 700 and 475 Rad with 3 h apart) BoyJ mice (CD45.1ϩ). Plotted are the percentages of recipient mice containing less than 1% CD45.2ϩ blood nucleated cells at 16 weeks after transplantation. The frequency of functional HSCs was calculated according to Poisson statistics.
For competitive repopulation assay, 50 LSK CD150 ϩ CD48 ϩ (SLAM) cells or 1,000 LSK cells (CD45.2ϩ) plus 4 ϫ 10 5 recipient BM cells (CD45.1ϩ) were transplanted into lethally irradiated BoyJ mice (CD45.1ϩ). Five mice were transplanted for each genotyping group. Blood samples were collected from the recipients every 4 weeks after BM transplantation. The donor blood chimerism was determined by staining peripheral blood samples with APC-anti-CD45.2 (BD Biosciences) and analyzed on a FACS Canto instrument (BD Biosciences).
For serial BM transplantation, 2,000 sorted LSKs were transplanted into sublethally irradiated (6 grays) primary recipients. At 8 weeks, a portion of the primary recipient mice was sacrificed, and CD45.2ϩ LSKs were sorted again and transplanted into lethally irradiated secondary recipients at 1,500 cells/ mouse.
Cell Cycle and Apoptosis Analysis-To analyze the cell cycle status of HSCs, BM cells were stained with antibodies against Lin ϩ cells, c-Kit, Sca-1, CD150, and CD48, followed by fixation and permeabilization with transcription factor buffer set (BD Biosciences) according to the manufacturer's instructions. After fixation, the cells were incubated with APC-anti-Ki67 (Biolegend), washed, and stained with PI (BD Bioscience). The cells were analyzed by flow cytometry.
For apoptosis detection, BM cells were stained with the SLAM antibodies described above and then stained with APCannexin V (BD Biosciences) and PI. Annexin V-positive cells were determined as apoptotic cells using the FACS LSR II (BD Biosciences).
In Vivo BrdU Incorporation Assay-Mice were injected intraperitoneally with a single dose of BrdU (Sigma-Aldrich; 1 mg/6 g of mouse weight) 48 h prior to sacrifice. BM cells were harvested and stained with biotin-conjugated anti-lineage antibody mixture followed by staining with a secondary Percp-cy5.5-anti-streptavidin, PE-cy7-anti-Sca-1, APC-cy7-anti-c-Kit, and FITC-anti-CD34 (eBiosciences) antibodies and then fixed and stained with APC-anti-BrdU antibody (BD Biosciences) using the Cytofix/Cytoperm kit (BD Biosciences), according to the manufacturer's instructions. Analysis was performed on a FACS LSRII (BD Biosciences).
Fancd2 Is Required for Foxo3a Nuclear Retention
RNA Isolation, Quantitative PCR, and Microarray Analysis-Total RNA from SLAM cells isolated from mice with the indicated genotypes was prepared with RNeasy kit (Qiagen) following the manufacturer's procedure. Reverse transcription was performed with random hexamers and Superscript II RT (Invitrogen) and was carried out at 42°C for 60 min and stopped at 95°C for 5 min. First strand cDNA was used for real time PCR using primers listed in Table 1 . Samples were normalized to the level of ␤-actin mRNA, and the relative expression levels were determined by the standard curve method.
For microarray analysis, cDNA was synthesized from total RNA and hydridized to Affymetrix mouse gene 2.0 ST array. The RNA quality and quantity assessment, probe preparation, labeling, and hybridization were carried out in the Cincinnati Children's Hospital Medical Center Affymetrix Core using standard procedures. Hybridization data were sequentially subjected to normalization, transformation, filtration, and functional classification. Data analysis was performed with Genespring GX11 (Agilent Technologies). Gene set enrichment analysis was performed using GSEA v2.0 software as described (25) . The microarray data can be found in the Gene Expression Omnibus of NCBI through accession number GSE64215.
Lentiviral Vector Construction, Virus Production, and Transduction-The SF-LV-cDNA-eGFP lentiviral vector (26) was generously provided by Dr. Lenhand Rudolph (Institute of Molecular Medicine and Max-Planck-Research Department of Stem Cell Aging). The CA-FOXO3a cDNA carrying alanine substitutions at T32A, S253A, and S315A (20) was amplified (forward primer, 5Ј-ATTACCGGTATGGCAGAGGCACCGGCT-TC-3Ј, and reverse primer, 5Ј-AAAGTTAACTCAGCCTGGCA-CCCAGC-3Ј) from the Addgene plasmid 8361 (Addgene) and inserted into SF-LV-cDNA-eGFP. The SF-LV-cDNA-mCherry lentiviral vector was created by replacing the IRES-eGFP cassette with an IRES-mCherry cassette, which was amplified from the Addgene plasmid 45766 (Addgene) using the following primer sets: forward primer, 5Ј-ATAAGAATG-CGGCCGCCCCCTCTCCCTCCCCCCCCCCTAAC-3Ј, and reverse primer, 5Ј-GCGACGCGTGTTCTGCATTTACTTG-TACAGCTCGTCCATG-3Ј. The Flag-tagged mouse Fancd2 cDNA was amplified by two-step PCR using primers (forward primer, 5Ј-TTGCACCGGTATGATTTCCAAAAGACGTC-GGCTAGATTC-3Ј; reverse primer 1, 5Ј-AAATATGCGGCC-GCTCAAGCGTAGTCGGGCACGTCGTAAGGGTAGCT-GGTGCCGCCCAGGCTCTTGTCATCGTCATCCTTGTA-ATCGA-3Ј; and reverse primer 2, 5Ј-TGTCATCGTCATCCT-TGTAATCGATATCATGATCTTTATAATCACCGTCAT-GGTCTTTGTAGTCGGATCCACTGGAGCTGTCGTCAC-TTTCATCACTGTCC-3Ј) from a mouse Fancd2 cDNA clone (provided by Dr. Markus Grompe from Oregon Health & Sciences University) and inserted into SF-LV-cDNA-mCherry empty vector. The K559R mutant form of mouse Fancd2 plasmid was created with the QuikChange site-directed mutagenesis kit (Agilent Technologies).
Lentivirus was produced in 293 T cells after transfection of 20 g of cDNA plasmid, 15 g of pCMV⌬R8.91 helper plasmid, and 6 g of pMD.G, using standard calcium phosphate transfection procedures (27) . Medium was replaced with fresh medium 12 h after transfection. To harvest viral particles, supernatants were collected 48 h after transfection, filtered through 0.45-m-pore size filters and concentrated by the PEG-it TM virus precipitation solution (System Biosciences) according to the manufacturer's protocol. Virus pellet was resuspended in sterile PBS and stored at Ϫ80°C.
For lentivirus transduction, the sorted CD34 Ϫ LSK cells or LSK cells were maintained in StemSpan TM serum-free expansion medium (Stemcell Technologies) with 50 ng/ml SCF (Peprotech) and 50 ng/ml TPO (Peprotech) for 24 h before transduction. Transduction medium consisted of concentrated lentivirus suspension diluted 1:30 and 6 g/ml polybrene (Millipore). Lentivirus transduction was performed in round-bottomed 96-well plates, using 50-l reaction volumes for 24 h at 37°C. The cells were then resuspended in 100 l and incubated for 3 days.
Immunofluorescent Analyses-CD34 Ϫ LSK cells were sorted from mice with the indicated genotype and then cytospun on slides, fixed by 4% paraformaldehyde, permeabilized with blocking solution (1ϫ PBS, 0.25% Triton X-100, 5% BSA), and subsequently processed for anti-FOXO3a monoclonal antibody (2497; Cell Signaling) or anti-pS473AKT antibody (05-1003; Millipore). Nuclei were visualized using DAPI (Invitrogen). Images were collected on a Nikon C2 confocal microscope.
Fluorescence intensity in the nuclear and cytoplasmic regions was quantified using ImageJ. Background-corrected cytoplasmic to nuclear ratios were calculated from mean fluorescence intensity measured within a small square or circular region of interest placed within the nucleus, cytoplasm, and outside of each cell. 20 cells/sample and 3-4 samples per group were analyzed. Quantitative fluorescence data were exported from ImageJ generated histograms into GraphPad software for further analysis and presentation.
Statistics-Statistical significance was assayed by Student's t test and one-way analysis of variance. The values are presented as means Ϯ S.D. A p value of Ͻ0.05 was considered significant. Limiting dilution assay used a Poisson-based probability statistic to calculate frequencies through the use of serial dilutions. Forward:
RESULTS

Deletion of Fancd2 and Foxo3a
Causes HSC Exhaustion-We previously reported an oxidative damage-specific interaction between FANCD2 and FOXO3a in human cells (22) . To further investigate the genetic relationship between the two proteins, we generated Fancd2 Ϫ/Ϫ Foxo3a Ϫ/Ϫ dKO mice. Because mice deficient for Fancd2 or Foxo3a show defects in HSC function (5, 21) , we focused the effect of simultaneous loss of Foxo3a and Fancd2 on HSC maintenance. Surprisingly, deletion of both Fancd2 and Foxo3a in mice led to an initial expansion followed by a progressive decline of BM stem and progenitor cells. Specifically, at 1 month of age, dKO mice showed a significant increase in both progenitor (Lin Ϫ c-Kit ϩ Sca-1 ϩ (LSK); Fig. 1, A and B) and HSCs (LSK CD150 ϩ CD48 Ϫ ; SLAM; (28); Fig. 1 , C and D). However, at 5 months of age, dKO BM stem and progenitor cells declined significantly (11.8 Ϯ 1.6 at 1 month versus 4.53 Ϯ 1.1 at 5 months for LSK; 6.9 Ϯ 0.8 at 1 month versus 1.16 Ϯ 0.60 at 5 months for SLAM; Fig. 1 ).
The results described above suggest that the dKO HSCs might have undergone replicative exhaustion. To test this notion, we determined the number of functional competitive repopulating units in aged (5 months old) dKO mice by performing limiting dilution BM transplantation assay. Graded numbers of test BM cells (CD45.2ϩ) from WT, Fancd2 Ϫ/Ϫ , Foxo3a Ϫ/Ϫ , or dKO mice were mixed with 2 ϫ 10 5 protector BM cells (CD45.1ϩ) and transplanted into lethally irradiated congenic recipients (CD45.1ϩ). At 4 months after transplant, the frequency of functional competitive repopulating units dKO mice was 1 in 107,151 (p Ͻ 0.0001 versus WT), significantly lower than the frequencies in those of WT (1 in 23,114), Fancd2 Ϫ/Ϫ (1 in 44,458; p ϭ 0.0005 versus dKO), or Foxo3a Ϫ/Ϫ (1 in 37,428; p ϭ 0.005 versus dKO) mice ( Fig. 1E) .
We next performed competitive repopulating experiments by transplanting 50 SLAM cells (CD45.2ϩ) from WT, Fancd2 Ϫ/Ϫ , Foxo3a Ϫ/Ϫ , or dKO mice, along with 4 ϫ 10 5 recipient BM cells (CD45.1ϩ) into lethally irradiated recipient mice (CD45.1ϩ). We determined the repopulating ability of donor HSCs by periodically measuring the percentage of donor-derived cells in the peripheral blood of the transplant recipients. The percentage of donor-derived cells in the recipients of WT SLAM cells was steadily increased during the period of 4 -40 weeks after transplantation (Fig. 1F ). The donor chimerism in the peripheral blood of the recipients of Fancd2 Ϫ/Ϫ or Foxo3a Ϫ/Ϫ cells was decreased 4 weeks after transplantation compared with that of recipients transplanted with the WT cells but remained relatively steady afterward. Significantly, donor chimerism in the recipients of dKO SLAM cells underwent progressive decline after 4 weeks post-transplantation (23.9 Ϯ 2.58% at 4 weeks versus 14.5 Ϯ 0.44% at 16 weeks and 4.07 Ϯ 1.15% at 40 weeks; Fig. 1F ). Furthermore, we performed serial transplantation to ascertain the phenomenon of dKO HSC exhaustion. As shown in Fig. 1G , 7 of 10 secondary recipients of dKO cells died within 4 months post-transplantation, whereas the majority of the recipients of WT, Fancd2 Ϫ/Ϫ , or Foxo3a Ϫ/Ϫ cells survived beyond 160 days ( Fig. 1G ). Taken together, these results indicate that simultaneous loss of Foxo3a and Fancd2 results in HSC exhaustion.
Loss of Fancd2 and Foxo3a Increases Proliferation of HSCs-
To determine the mechanism underlying dKO HSC exhaustion, we analyzed apoptosis and cell cycle of the phenotypic HSC (SLAM) cells from WT, Fancd2 Ϫ/Ϫ , Foxo3a Ϫ/Ϫ , and dKO mice. We first examined whether increased apoptosis could be responsible for the observed HSC exhaustion in dKO mice. No increase in the frequency of annexin V-positive (apoptotic) cells was found in WT or Foxo3a Ϫ/Ϫ SLAM cells, although a moderate but statistically not significant increase in the apoptotic HSCs was detected in Fancd2 Ϫ/Ϫ and dKO mice (Fig. 2, A and  B) . We next examined the cell cycle status of WT, Fancd2 Ϫ/Ϫ , Foxo3a Ϫ/Ϫ and dKO SLAM cells using Ki67 and PI staining. Remarkably, we observed a significant decrease in the frequency of quiescent (G 0 ) cells in dKO SLAM cells compared with that in WT, Fancd2 Ϫ/Ϫ , or Foxo3a Ϫ/Ϫ SLAM cells (Fig. 2,  C and D) . Moreover, we observed a significant increase in the frequency of BrdU-positive cells in the CD34 Ϫ LSK cells from dKO mice compared with those from WT, Fancd2 Ϫ/Ϫ , or Foxo3a Ϫ/Ϫ mice, as detected by in vivo BrdU incorporation (Fig. 2, E and F) . Together, these results indicate that Fancd2-Foxo3a deficiency leads to increased cycling in HSCs.
The Transcriptome of dKO HSCs Implicates Perturbation of Multiple Pathways in HSC Function-To identify the molecular mechanism underlying dKO HSC exhaustion, we performed global gene expression profiling analyses on phenotypic HSC (SLAM) cells freshly isolated from WT, Foxo3a Ϫ/Ϫ , Fancd2 Ϫ/Ϫ , and dKO mice. Analysis of gene expression data revealed 788 unique differentially expressed genes, of which 461 were upregulated and 327 down-regulated in dKO HSCs when compared with WT, Foxo3a Ϫ/Ϫ , and Fancd2 Ϫ/Ϫ HSCs with fold changes larger than 1.3 (Fig. 3A) . Microarray results were confirmed by quantitative RT-PCR for a subset of the genes (Table  2) . Classification based on functional annotation revealed that a large proportion of differentially expressed genes in dKO HSCs belonged to cell cycle control (Ccnb1, Ccnd1, Aurkb, Atr, and Chek2) (Fig. 3, B and C) , consistent with the observed increase in cycling HSCs. Another group of up-regulated genes was those involved in the differentiation of HSCs (Mafb, Msc, Apoe, and Hoxa9) (Fig. 3, B and C) . Other differentially regulated transcripts included genes known to be involved in oxidative stress response (Cat, Txnrd2, and Prdx3) or to have roles in DNA repair (Ercc5, Rpa3, and Rfc1) (Fig. 3, B and C) . In addition, Foxo3a target genes Cdkn1b, which is a cell cycle inhibitor protein, and Pink1, which encodes the PTEN-induced kinase 1, were down-regulated in the Fancd2 KO HSCs. In contrast, other Foxo3a target genes, such as Id1, that encodes the DNAbinding protein inhibitor ID-1, were up-regulated in Fancd2 KO HSCs (Table 2 ). These transcriptional changes suggest that multiple pathways might have been perturbed in HSC exhaustion caused by simultaneous loss of Foxo3a and Fancd2. To test this notion, we performed gene set enrichment analysis, which revealed a strong correlation of genes down-regulated in dKO SLAM cells with gene sets that identify cell cycle checkpoints, DNA repair, and DNA binding ( Fig. 3D and Table 3 ). Conversely, the genes up-regulated in dKO HSCs strongly correlated with gene sets typical of hematopoietic lineage differentiation ( Fig. 3D and Table 3 ). Plotted are the percentages of recipient mice containing less than 1% CD45.2ϩ blood nucleated cells at 16 weeks after transplantation. Frequency of functional HSCs was calculated according to Poisson statistics. F, competitive repopulation assay. 50 SLAM test (CD45.2ϩ) and 4 ϫ 10 5 competitor (CD45.1ϩ) whole BM cells were mixed and transplanted into irradiated CD45.1ϩ recipients. Donor-derived cells (CD45.2ϩ) in the peripheral blood were determined at 4 -40 weeks post-transplantation. The data are means Ϯ S.E. (n ϭ 8 -10 from two independent experiments). G, Kaplan-Meier survival curves of secondary recipients (n ϭ 8 -10). 2,000 sorted LSKs from the indicated mice were transplanted into sublethally irradiated CD45.1ϩ mice, and 8 weeks later, the primary recipient mice were sacrificed, and CD45.2ϩ LSKs were sorted again and transplanted into lethally irradiated secondary recipients at 1,500 cells/mouse. The data shown are the survival rates expressed as a percentage. **, p Ͻ 0.01; ***, p Ͻ 0.001.
Fancd2 Is Required for Foxo3a Nuclear Retention
Foxo3a by immunofluorescence. The majority of Foxo3a was present in the nucleus of WT CD34 Ϫ LSK cells (Fig. 4A) , consistent with a previous report (21) . However, we observed increased cytoplasmic Foxo3a staining in Fancd2 Ϫ/Ϫ CD34 Ϫ LSK cells (Fig. 4A ). To address whether this abnormal cytoplasmic localization of Foxo3a was due to the loss of Fancd2, we performed a rescue experiment with genetically corrected Fancd2 Ϫ/Ϫ CD34 Ϫ LSK cells by lentivirus expressing the WT mouse Fancd2 gene (Fig. 4B ). It appeared that re-expression of the mouse Fancd2 could completely restore nuclear Foxo3a localization (Fig. 4C) . These data suggest that a functional Fancd2 may be required for nuclear localization of Foxo3a in HSCs.
It has been shown that FOXO3a nuclear localization and thus transcriptional activity is regulated by PI3K-mediated activation of AKT, which directly phosphorylates FOXO3a, leading to its nuclear export and inactivation (20) . To exclude the pos-sibility that increased cytoplasmic localization of Foxo3a in Fancd2 Ϫ/Ϫ HSCs was a phenomenon secondary to AKT activation, we treated the WT and Fancd2 Ϫ/Ϫ CD34 Ϫ LSK cells with the AKT inhibitor (124005; Calbiochem; 5 M) for 2 h and examined the phosphorylated AKT (pS473AKT) and Foxo3a subcellular localization. Treatment of WT CD34 Ϫ LSK cells with the AKT inhibitor showed increased nuclear Foxo3a compared with vehicle controls (Fig. 4D ). However, we did not observe a significant increase in nuclear localization of Foxo3a in Fancd2 Ϫ/Ϫ CD34 Ϫ LSK cells treated with the AKT inhibitor (Fig. 4D) . Thus, increased cytoplasmic Foxo3a in Fancd2 Ϫ/Ϫ HSCs is not driven by Akt-mediated phosphorylation.
A Role of Fancd2 in the Retention of Nuclear Foxo3a in HSCs-The observation that Fancd2 deficiency reduced Foxo3a in the nucleus of HSCs prompted us to investigate the status of an active form of FOXO3a (CA-FOXO3a), which is constitutively active because it cannot be inactivated by phos- (Fig. 4F ). However, Fancd2 deficiency strongly promoted cytoplasmic localization of CA-FOXO3a in the Foxo3a Ϫ/Ϫ Fancd2 Ϫ/Ϫ CD34 Ϫ LSK cells (Fig. 4F) . Thus, it appears that Fancd2 plays a role in nuclear retention of the constitutively active CA-FOXO3a in HSCs.
Monoubiquitination Is Required for the Role of Fancd2 in FOXO3a Nuclear Retention-Monoubiquitination of human FANCD2 at Lys-561 is a critical step in the FA DNA repair pathway (29, 30) . To determine whether FANCD2 monoubiquitination was required for FOXO3a nuclear retention, we identified the monoubiquitination site (Lys-559) in mouse Fancd2 and generated a mutant that had an arginine residue substituted for the lysine residue at position 559 (K559R; Fig.  5A ). We confirmed the loss of monoubiquitination of the mutant Fancd2 in response to replicative stress induced by hydrourea ( Fig. 5B) . We co-transduced the dKO LSK cells with lentivirus expressing the constitutively active CA-FOXO3a with an eGFP marker (CA-FOXO3a-eGFP) and the WT mouse Fancd2 with a mCherry marker (mFancd2 WT-mCherry) or its nonmonoubiquitinated mutant (mFancd2 K559R-mCherry) and sorted for double-positive (eGFPϩ mCherryϩ) CD34 Ϫ LSK cells (Fig. 5C ). Immunofluorescence analysis showed that expression of WT mFancd2 strongly promoted CA-FOXO3a localization in the nucleus (Fig. 5D) . In contrast, co-transduction of CA-FOXO3a and the nonmonoubiquitinated mutant mFancd2 K559R or vector alone led to increased cytoplasmic localization of CA-FOXO3a in dKO CD34 Ϫ LSK cells (Fig. 5D ). Thus, monoubiquitination is essential for the effect of Fancd2 on FOXO3a nuclear retention.
Fancd2 and Foxo3a Cooperate to Maintain HSC Function-To evaluate the functional consequence of FANCD2 in FOXO3a nuclear retention, we carried out two sets of experiments to examine whether Fancd2 and Foxo3a cooperate to maintain HSC function. For in vitro experiments, we used limiting dilution CAFC assay (24) to evaluate the self-renewal capacity of the dKO LSK cells co-expressing the WT FOXO3a and the WT or mutant Fancd2. Graded numbers of doublepositive (eGFPϩ mcherryϩ) LSK cells were plated on confluent OP9 stromal cells in 96-well plates, and numbers of CAFC were counted after 4 weeks. There was a significant decrease in CAFC colonies formed by dKO LSK cells co-expressing the mutant Fancd2-K559R or vector alone and FOXO3a in wells plated with 90, 270, and 810 LSK cells compared with those co-expressing the WT Fancd2 and FOXO3a (Fig. 5E ).
For in vivo experiments, we performed competitive BM transplantation assay to determine the long term hematopoietic repopulating ability of the test dKO LSK cells in lethally irradiated recipients. 1,000 double-positive (eGFPϩ mcherryϩ) LSK cells (CD45.2ϩ) co-transduced with FOXO3a-eGFP and mFancd2 WT-mCherry or mFancd2 K559R-mCherry lentivirus, along with 4 ϫ 10 5 recipient BM cells (CD45.1ϩ), were transplanted into lethally irradiated recipient mice. The repopulating capacity of donor HSCs was monitored by measuring donor-derived cells in the peripheral blood of the transplant recipients at 4 months post-transplantation. We observed significantly higher donor chimerism in the recipients of dKO LSK cells co-expressing Fancd2-WT and FOXO3a than those with cells co-expressing the mutant Fancd2-K559R or vector alone and FOXO3a (Fig. 5F ). Furthermore, there was a concomitant decrease in donor stem and progenitor (LSK) cells in the BM of the recipients transplanted with cells co-expressing FOXO3a and the mutant Fancd2-K559R or empty vector at 4 months after transplantation (Fig. 5G) . These results strongly argue a functional interaction between Fand2 and nuclear Foxo3a in HSC maintenance.
DISCUSSION
In this study, we demonstrated that deletion of both Fancd2 and Foxo3a in mice induced HSC exhaustion. Increased HSC cycling may be one of the underlying mechanisms. In supporting this notion, we provided several pieces of evidence: (i) cell cycle analysis showed a significant decrease in quiescent HSCs in dKO mice compared with not only WT but also Fancd2 Ϫ/Ϫ or Foxo3a Ϫ/Ϫ mice (Fig. 2, C and D) ; (ii) in vivo BrdU incorporation assay revealed a marked increase in proliferation in dKO CD34 Ϫ LSK cells compared with those from mice with other three genotypes (Fig. 2, E and F) ; (iii) global gene expression profiling on phenotypic HSC (SLAM) cells exhibited a deregulated cell cycle-associated transcriptional program that was unique to dKO HSCs (Fig. 3, B and C) ; and (iv) functionally, we demonstrated that a functional Fancd2 was required for nuclear retention of FOXO3a and for HSC maintenance ( Figs. 4 and 5) . These data suggest that a functional interaction between the FANCD2 and FOXO3a may be a novel mechanism by which HSCs maintain quiescence and avoid replicative exhaustion.
It has been reported that Foxo3a is not crucial for HSC differentiation but plays a role in HSC self-renewal (21) . Deletion of Foxo3a impairs hematopoietic repopulating capacity of the HSCs, which is not caused by replicative exhaustion but at least in part by increased cellular accumulation of reactive oxygen species (21) . FANCD2 plays critical roles in DNA damage repair of double-stranded breaks (31, 32) . Long-lived quiescent HSCs may be particularly susceptible to the accumulation of double-stranded breaks over time (33) . Mice deficient for key DNA repair pathway components exhibit diminished HSC selfrenewal capacity with age and early functional exhaustion (34, 35) . In this context, we showed that in Fancd2-deficient BM, the content of phenotypic HSCs was reduced, and their long term repopulating activity was impaired compared with WT HSCs (Fig. 1, C, D, and F) , which is consistent with previously study (5) . However, deletion of Fancd2 alone did not induce the phenotype typical of HSC exhaustion, as observed in dKO mice that showed an initial expansion followed by a progressive decline of both phenotypic HSCs and their long term repopulating activity (Fig. 1, C, D, and F) . These results support the notion that Fancd2 and Foxo3a cooperate to prevent HSC exhaustion.
In quiescent WT murine HSCs, the majority of the Foxo3a protein is localized in the nucleus (36) . It is also known that this nuclear localization is regulated by of Akt, which phosphorylates Foxo3a and induces the export of Foxo3a from the nucleus to the cytoplasm (20) . We showed that there was a marked increase in cytoplasmic Foxo3a accompanied by reduced nuclear Foxo3a in phenotypic Fancd2 Ϫ/Ϫ HSCs (Fig. 4A ) and that this phenomenon was Akt-independent ( Fig. 4D) , suggesting a role for Fancd2 in nuclear Foxo3a retention. Indeed, genetic correction of the Fancd2 Ϫ/Ϫ HSCs with a WT mouse Fancd2 completely rescued Foxo3a nuclear retention (Fig. 4C) . Moreover, by co-expressing the constitutively active CA-FOXO3a and the nonmonoubiquitinated mutant mFancd2 K559R in dKO CD34 Ϫ LSK cells, we showed that monoubiquitination is essential for the effect of Fancd2 on FOXO3a nuclear retention (Fig. 5D ). This is consistent with previous observation that the nonmonoubiquitinated FANCD2 mutant failed to colocalize with FOXO3a on chromatin in response to oxidative DNA damage (22) .
The mechanism responsible for FOXO3a sequestration in cytoplasm of the Fancd2 Ϫ/Ϫ cells is not clear at this time. We speculate two possibilities. First, we previously showed that FOXO3a and FANCD2 associated as a nuclear complex and co-localized on chromatin DNA (22) . In this context, FANCD2 might play a role in stabilizing FOXO3a in the nucleus. Consequently in Fancd2 Ϫ/Ϫ HSCs, the loss of Fancd2 might lead to increased cytoplasmic CA-FOXO3a. Second, sequestration of CA-FOXO3a in cytoplasm might be caused by abnormal acti-FIGURE 5. Fancd2 and Foxo3a cooperate to maintain HSC function. A, protein sequence alignment of human and mouse Fancd2 and generation of a mutant mFancd2 that had arginine residue substituted for the lysine residue at position 559. B, WT murine embryonic fibroblast cells were transduced with lentivirus carrying empty vector, mFancd2-WT, or mFancd2-K559R and then treated with or without hydrourea (HU) for 24 h. Cell lysis were separated by SDS-PAGE gel and immunoblotted with antibodies against Flag (mFancd2) and Topo1 (loading control). C, the dKO LSK cells were co-transduced with lentivirus expressing the CA-FOXO3a-eGFP and mFancd2 WT-mCherry or mFancd2 K559R-mCherry and then sorted for double-positive (eGFPϩ mcherryϩ) CD34 Ϫ LSK cells. Shown is flow cytometry analysis of the double-positive cells before and after sorting. Mock, samples without virus. D, monoubiquitination is essential for the effect of Fancd2 on FOXO3a nuclear retention. dKO LSK cells were co-transduced with lentivirus expressing the constitutively active CA-FOXO3a with an eGFP marker (CA-FOXO3a-eGFP) (green) and the WT mouse Fancd2 with a mCherry marker (mFancd2 WT-mCherry) or its nonmonoubiquitinated mutant (mFancd2 K559R-mCherry) (yellow). Transduced CD34 Ϫ LSK cells were staining by anti-FOXO3a antibody (red). Nuclei were visualized by DAPI (blue). Scale bar, 10 m. Right panel, quantification of the fluorescence intensity of anti-Foxo3a staining in the nucleus (N) and cytoplasm (C). Each group comprises three to four mice, and 20 cells per sample. E, limiting dilution CAFC assay. dKO LSK cells were co-transduced with lentivirus expressing the WT FOXO3a with an eGFP marker and the WT mouse Fancd2 with a mCherry marker (mFancd2-WT) or its nonmonoubiquitinated mutant (mFancd2-K559R) or an empty vector. Graded numbers of double-positive (eGFPϩ mcherryϩ) LSK cells were plated on confluent OP9 stromal cells in 96-well plates, and numbers of CAFC were counted after 4 weeks. F and G, BM transplantation assay to determine the long term hematopoietic repopulating ability. 1,000 double-positive (eGFPϩ mCherryϩ) LSK cells (CD45.2) co-transduced with FOXO3a-eGFP and mFancd2 WT-mCherry or mFancd2 K559R-mCherry or empty-mCherry lentivirus, along with 4 ϫ 10 5 recipient BM cells (CD45.1) were transplanted into lethally irradiated recipient mice. The repopulating capacity of donor HSCs was monitored by measuring percentage of GFP positive cells in the peripheral blood of the transplant recipients at 4 months post-transplantation (F). The percentage of GFP-positive LSK cells in the BM of the transplant recipients was determined at 4 months post-transplantation (G). **, p Ͻ 0.01; ***, p Ͻ 0.001; ****, p Ͻ 0.0001. vation of ERK in Fancd2 Ϫ/Ϫ HSCs. It is known that ERK regulates FOXO3a nuclear-cytoplasmic localization (37) . ERK interacts with and phosphorylates FOXO3a predominantly at residues Ser-294, Ser-344, and Ser-425, which are different from the Akt phosphorylation sites at Thr-32, Ser-253, and Ser-315, leading to FOXO3a nuclear exportation. Several groups have reported constitutive activation of ERK in FA-deficient cells (38, 39) . Thus, the constitutively activated Erk could act on the non-Akt phosphorylation sites leading to increased cytoplasmic localization of CA-FOXO3a in the Fancd2 Ϫ/Ϫ HSCs.
In two well established assays designed to evaluate self-renewal (limiting dilution CAFC assay) and hematopoietic repopulating (competitive BM transplantation assay) ability of a HSC, we observed a significant decrease in both CAFC formation and long term repopulation by dKO LSK cells co-expressing the nonmonoubiquitinated Fancd2-K559R mutant and the WT FOXO3a compared with dKO LSK cells co-expressing the WT Fancd2 and FOXO3a (Fig. 5, E and F) . Thus, it is tempting to speculate that a functional interaction between Fancd2 and FOXO3a is required for HSC maintenance. Moreover, that these assays (flow cytometry, limiting dilution CAFC assay, and competitive BM transplantation assay) observed an initial expansion followed by a progressive decline of both phenotypic HSCs and that their long term repopulating activity requires simultaneous inactivation of Foxo3a and Fancd2 indicate that the HSC exhaustion phenotype results from a synergistic effect. In this context, we speculate a coordinate regulation of HSC functions by the FOXO3 and FA pathways. Indeed, Foxo3a or Fancd2 single-knockout mice did not experience HSC exhaustion, as judged by progressive decline in HSC pool and HSC self-renewal capacity, suggesting that the defect in dKO HSCs was not simply additive but synergistic.
In summary, the present studies demonstrate that simultaneous inactivation of Fancd2 and Foxo3a in mice induces HSC exhaustion and identify increased HSC cycling as one of the underlying mechanisms for the defect. These findings reveal functional interaction between the FA DNA repair pathway and the FOXO3a stress response pathway in HSC maintenance and may suggest new targets for therapeutically exploring the pathogenic role of stress-induced HSC exhaustion in blood diseases.
